To however (P = 0. 13 Â±0.02, H = 0.04 Â±0.005). This may be attributed to small founding populations and passage in the laboratory through low numbers of infected snails and through abnormal laboratory hosts, resulting in random fixation of alleles by the action of genetic drift and possibly in selection against particular alleles. This finding implies that geographic corn parisons of any traits should be based on several isolates from each region compared, so as to adequately sample the total variation occurring within each region. Genetic distances between all strains were low (mean 0.052 , range 0â€"0.2 75), suggesting that little intraspecific differentiation has occurred in S. mansoni, even between Old and New World populations. These results contrast with published electrophoretic evidence of significant divergence be tween geographic strains of S. japonicum. Most polymorphisms were consistent with a simple Mendelian interpretation, although formal genetic crosses were not performed. For those enzymes, the banding patterns of heterozygotes indicated that subunit structure is the same in S. mansoni as in many other organisms. Sexual differences in mobility and in number of bands were found in a few enzymes. The polymorphisms uncovered can eventually be used as genetic markers to map chromosomes and to study various traits, such as infectivity to snails and drug resistance.
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Present address: Department of Biology, University of California at San Diego, Ja Jolla, California 92037. acid sequence. Thus, electrophoresis of an ade quate sample of enzymes provides a more direct method of evaluating genetic differentiation with in and between populations. The systematic value of electrophoretic data has recently been the sub ject of extensive reviews.7'o Although the exis tence of considerable genetic variation has been documented for many organisms, information on genetic variability of parasitic species is minimal.
The primary objective of this study was to es tablish baseline data on the occurrence and dis tribution of enzyme polymorphisms in S. mansoni by means of electrophoresis of individual schis tosomesfrom different geographic populations. In this manner we can begintodocument thegenetic diversity that exists in S. mansoni and to identify patterns of geographic variation. This report marks the first time that specific enzyme polymorphismshave been identified in a worms. This method, however, does not allow the detection of differences between individuals with in a population, thus precluding a genetic inter pretation of the data. Wright et al. ' 8 did use in dividual S. intercalatum in an isoelectric focusing study of seven enzyme systems but found only one worm expressing a variant phosphoglucomutase pattern (the total number of worms analyzed was not given).
Information on enzyme polymorphisms will also extend our knowledge of schistosome ge netics, which at present goes little beyond the number of chromosomes (2n = 16) and standard karyotype. 19 .20The polymorphisms identified may eventually provide genetic markers, which would be of use in mapping chromosomes and in study ing the inheritance of various traits, such as in fectivity to snails and drug resistance.
Strains studied cover most of the distribution range of S. mansoni, except for Central and West Africa, and Madagascar (Fig. 1) . The samples obtained rep resent most S. mansoni strains currently main tamed in U.S. laboratories and, in addition, in dude six fresh isolates derived from human feces.
Information on the mode of isolation and of lab oratory maintenance of the different strains, to gether with our strain designations, are shown in Tables 1 and 2 . Most of the strains had been iso lated from one infected human patient or from a small number of naturally-infected snails.
Sample preparation
Infected mice and hamsters were killed by in jection of a sodium pentobarbitol-heparin solu tion, at least 45 days postinfection. Sexually ma ture schistosomes were recovered by perfusion and dissection. Schistosomes were rinsed clear of host blood in Eagle's Minimal Essential Medium with Earle's salts (Grand Island Biological Co., New York, USA). Individual motile male and fe male worms were then crushed with a ground glass stopper on the frosted end of a glass slide in 10 pi of distilled water at room temperature (re MATERIALS 
AND METHODS
Mice, hamsters, snails, or human feces infected with S. mansoni were obtained from different laboratories in the U.S. and abroad. The strains were used to differentiate the five malate dehy drogenase alleles detected.
Designation of electromorphs
The term â€oeelectromorphâ€• is used to refer to a band of enzyme activity.24 To designate a locus coding for a specific enzyme, the same abbrevia tion used to represent the enzyme is set in lower case and italicized. When several forms of the same enzyme exist, each controlled by a different locus, the electromorphs or sets of electromorphs representing separate loci are numbered sequen tinily, from the most anodal to the most cathodal. molecules; 2) for all presumed polymorphic loci, electrophoretic variants were not distributed ran domly among the strains. Rather, each variant was found at specific frequencies in some of the strains and was absent altogether in others, and these strain-specific differences were consistent from gel to gel. This was true even of two poly morphic enzymes, AId and Ldh, for which het erozygotes could not readily be identified. This again suggests that the variation is genetic rather than the result of differences in experimental con ditions; 3) for those schistosome populations de rived from a large number of infected snails, the observed phenotypic class proportions were usu ally in close agreement with those expected on the basis of the Hardy-Weinberg model for a random ly mating population, with correction for bias in small 26
None of the schistosome enzymes coincided in mobility with analogous enzymes in mouse or hamster blood or in Biomphalaria head-foot tis sue. There were no differences in the mobility of schistosome electromorphs that could be related to differences in the age of the adult worms pro cessed. Schistosome electromorph mobility was also not affected by passage through a different species of final or intermediate host (this does not exclude the possibility of host-related differences in the frequency of specific schistosome electro morphs). For example, four of the schistosome strains in the study, EGY1 and 2 and PR! and 2, could be passaged through mice or hamsters with out affecting electromorph mobility. Likewise, en zymes derived from worms of the SAil strainpas saged through B. glabrata did not differ in electromorph mobility from those from worms of the same strain passaged through B. pfe@fferi. The possibility that differences in band patterns be tween individual schistosomes reflected genetic variation in the snails through which they cycled rather than in S. mansoni could likewise be dis counted; for instance, two strains in the study, PR! and 2, were passaged many times through the same snail strain, but PR2 showed variation in Mdh-1, Ldh and Lgg-1, while PR! was invar iant at all loci examined.
Genetic interpretations
In the absence of formal genetic crosses, certain assumptions were made to facilitate genetic inter pretations and analysis of the data. These genetic interpretations remain to be verified by progeny studies.
When for a given enzyme system two zones of activity varied independently of each other, or if one showed variation while another did not, two different loci were assumed to be involved. When an electromorph or set of electromorphs showed no variation, it was assumed to be controlled by a single locus without allelic variation. Each of the variable zones of activity was assumed to be controlled by a singlepolymorphiclocus,even when the variation was not readily interpretable, asinLDH and ALD. of which only one, Lgg-1, was polymorphic, with two alleles segregating in most S. mansoni pop ulations. The heterozygote was usually detected as a broad band of activity encompassing the po sitions of the slow and fast bands representing the two alleles (Fig. 2) ; under optimal conditions, however, the heterozygote appeared to be double banded, suggesting that Lgg-1 is monomeric, as are aminopeptidases in many other organisms.25 In half of 12 cases in which the chi-square test could be applied, the observed allele frequencies were not in accordance with those expected on the basis of the Hardy-Weinberg equilibrium. In each of these six cases, the discrepancy could be attrib uted to a deficiency in the number of heterozy gotes. Two loci were in volved, both polymorphic, with three alleles de tected for Mdh-1 and two alleles for Mdh-2. For both loci, the heterozygotes were triple-banded (Fig. 4) , suggesting that malate dehydrogenases are dimeric in S. mansoni. In the three cases (PR2 and two STLU substrains) in which the chi-square test could be applied, Mdh-1 allele frequencies were in accordance with those expected on the basis of the Hardy-Weinberg equilibrium. There were no cases suitable for analysis for Mdh-2, because the frequency of the Mdh-2a allele was toolow.
Aldolase. Three single-banded variants differ ing in mobility were found (Fig. 2) . Genetic in terpretation is difficult, because heterozygotes, 
Polymorphic enzymes
Phosphoglucomutases. Two loci are involved. Pgm-1, a doublet, was monomorphic in all pop ulations, and Pgm-2 was polymorphic, with three alleles detected in the populations examined. The heterozygotes were double-banded (Fig. 3) Another form of variation, seen in some Puerto Rican strains, affects the mobility of all five bands of activity. Two variant phenotypes were present, Ldh-T and Ldh-B, Ldh-B electromorphs being blurred, and intermediate in mobility between Ldh-T and Ldh-N electromorphs. This could rep resent variation in a locus coding for LDH sub units. Again this form of variation is atypical, be cause a mutation in one of the two types of subunits would result in the formation of 15-band ed heterozygotes. The variation in the mobility of S. mansoni LDH enzymes must be due to a change affecting both subunits, since the mobility of all five bands is modified.
The two types of variation described could rep resent variation at two different loci, but this hy pothesis remains wholly conjectural in the absence of progeny studies. Manwell and Baker reviewed a number of cases in which polymorphisms in both structural and regulatory genes result in complex patterns of enzyme variation.25
In calculating heterozygosity, H, a measure of genetic variation, and genetic distance, D, a mea sure of genetic differentiation, the five Ldh phe notypes were assumed to be five â€oeallelesâ€• at one locus, as were also the three Aid phenotypes. Equating phenotypic classes to alleles would tend to bias the estimate for H slightly downward and that for D slightly upward, as there are usually more phenotypic classes than alleles.
Monomorphic enzymes
Lgg-2, Lgg-3, Gopd, Gdh, Hk, Akp, Acp, Mpi, and Ak were represented by one band of activity under the electrophoretic conditions used, while Pgm-i and Dia appeared as doublets (Fig. 2) .
One of the enzymes classified as monomorphic, G6PD, showed very slight variation in electro morph mobility between individuals, but with no consistent pattern and no occurrence of multiple banding indicative of heterozygotes. Such slight individual variation in G6PD mobility was noted for wild-caught butterflies by Johnson,28 who sug gested that genetic factors may be involved. More refined techniques may clarify the situation in the case of S. mansoni GÃ"PD, and may uncover ad ditional genetic variation, even in apparently monomorphic enzymes.293o
Sexual differences
Differences in activity, mobility, and number of bands were apparent between individual fe male and male worms for some enzymes (see Fig.   2 ). Extracts from single female worms usually stained less intensely than those from single male worms, and for LDH and AK there was usually no detectable activity for individual females. LDH and AK activity was present, however, when pooled samples of female worms were ana lyzed, and in this case LDH electromorphs from females migrated faster than those from males (Fig. 2) . Conde-del Pino et al. @ and Coles'3 also found sexual differences in LDH mobility. Md/i 2a and b electromorphs from female worms were distinctly slower in mobility than those from males ( Fig. 2) . Neither Conde-del Pino et al.1' nor Coles'3 found sexual differences in MDH mobility. In gels stained for LGG, a band of activity was de tected in extracts from female worms that was absent in those from males ( Fig. 2) , although the band could be present in males but too close in mobility to Lgg-3 to be detected. Differences in activity could be attributed to the smaller size of female schistosomes, as well as to differences in specific activity.3' The extra LGG band could be a sex-limited enzyme, as is sperm specific LDH in certain birds and mammals. 25 The mobility differences in the Mdh-2 and Ldh en zyrnes, on the other hand, were unexpected and may well be the first reported cases of sexual dif ferences in enzyme mobility. This could be be cause most other organisms analyzed are large enough so that homogenates from specific organs are used rather than whole body extracts. In S. mansoni, the reproductive system takes up much of the body volume and could create enough of a chemical difference between male and female worms to affect the electrophoretic mobility of some enzymes, for example by slight differences in pH or the binding of sex-specific molecules to the enzymes. Alternatively, the sexual differences in enzyme mobility could be due to more subtle differences in metabolism, such as NAD avail ability. It should be determined whether these sexual differences hold for cercariae as well, since this would be of practical importance in deter mining the sex of cercariae in monomiracidial snail infections. There were occasionally sexual differences in allele frequencies at polymorphic loci, but these are most likely due to the small number of schis tosome genomes represented in the samples ana lyzed.
Genetic variation
One quantitative index of genetic variation, P, is simply the proportion of loci that are polymor phic in a given population. The range of P values found for different groups of organisms is very large, but usually P tends to fall between 25 and 50% . â€˜Â°For natural populations of 93 inverte brates, P = 0.397 Â±0. 20!.32 An estimated seven of 18 loci, or 39% , were polymorphic in at least one S. mansoni popula tion. In individual strains, P varied from 0â€"0.33 (see Tables 3 and 4 , Fig. 6 ). P averaged over all S. mansoni strains was a comparatively low 0.13 Â±0.02. The average P for six recent isolates was slightly higher (Student's t-test, 0.05 level of significance) than that for 15 mouse-adapted strains (Fig. 6 ). The highest P values, 0.28 to 0.33, were for two samples from an S. mansoni strain from Kenya that had been maintained in the two strains can be attributed to differences in maintained in a different laboratory in mice, a laboratory maintenance. The most striking differ much lower P of 0.06 was obtained. Of the five ence was in the number of generations of labo loci that were polymorphic in the baboon-adapted ratory passage: three for the baboon-adapted strain but not in the mouse-adapted strain, two strain versus 30â€"40 for the mouse-adapted strain.
showed variants that were absent in any of the There were also differences in the number of in mouse-adapted strains examined (Pgi-b and Ldhfected snails used to cycle the two strains (10â€"20 H). The possibility that these variants are selected snails for the mouse-adapted strain versus over 20 out in mice should be explored further. Nonethesnails for the baboon-adapted strain), in the num less, at least part of the discrepancy in P between ber of cercariae used to infect the animals, and in . 
the snail species used as intermediate host (al though snail susceptibility was moderate in both laboratories). Another pair of strains originating from the same 1950 isolate but maintained in dii ferent laboratories, PR1 and NPR1, also differed in P, with P = 0 and P = 0. 11, respectively. A second measure of genetic variation is pro vided by the average proportion of heterozygotes per locus in a population, H, estimated from allele frequencies at each locus. Usually H tends to fall between 5 and 15% . â€˜Â°For natural populations of 93 invertebrates, H = 0.1123 Â±0.0720.32 In the S. mansoni strains examined, H ranged from 0â€" 0.08, with a mean of 0.04 Â±0.005 (see Tables 3,   4 , Fig. 7) . The average H for six recent isolates was significantly higher at the 0.005 level than that for 15 mouse-adapted strains. Again H for the baboon-adapted strain was high (0.05 to 0.07), while the highest H (0.08) was for a recent isolate (SAl 1).
Geographic variation
For each of the strains examined, allele fre quencies at polymorphic loci for male worms are shown in Tables 3 and 4 , together with the num ber of female and male worms processed. Because greater activity was obtained with male worms, more males were processed than females.
The inferences on geographic variation that may be derived from such data are limited for the following reasons: 1) the strains are probably not representative of natural populations, because of small founding populations and prolonged labo ratory maintenance (see Tables 1, 2) ; 2) the actual number of genomes sampled from a given strain can only be estimated (from the number of in fected snails used to infect the animals from which the samples were derived, when known), since asexual reproduction occurs in the snail; 3) in most cases, laboratory animals were infected with cer cariae obtained from a group of shedding snails;
because some snails release many more cercariae than others, some schistosome genomes may have been disproportionately represented relative to others. These limitations must be kept in mind in attempting to analyze geographic variation in S.
mansoni by means of the data in Tables 3 and 4 .
In all strains examined, monomorphic loci were fixed for the same allele. This is characteristic of conspecific natural populations.7 At each poly morphic locus there was at least one electropho retic variant common to all geographic regions.
Only two strains were fixed for less common vari ants, KEM (for Ldh-L and Md/i-ic and JHPR (for LDH-L). Because both strains had been maintained in the laboratory for over 10 years, these cases can probably be accounted for by the action of genetic drift, causing random fixation of alleles in small populations. Seven relatively un common variants at five loci were found exclu sively in African strains ( 
and Ldh-T and B).
A quantitative measure of the amount of genetic differentiation between strains was obtained by calculating Nei's index of genetic distance D33 for each pairwise comparison of populations, using the data on allele frequencies. D is defined as a minimum estimate of the average number of co don differences per locus between two popula tions. The formula for Nei's D is given by:
where I is an index of genetic identity varying from 0 to 1, defined as the normalized identity of genes, with the equation for I given in Nei.33 By using the allele frequency data in the present study to calculate I and D, it is assumed that the loci investigated are a representative sample of struc tural loci in the S. mansoni genome as a whole. It must also be stressed that the estimates of I and typically, the strains examined were isolated from one human patient or from a small number of naturally-infected snails; these isolates probably lacked the full array of alleles present in the nat ural population of origin (the founder effect);37 2) laboratory strains were probably subjected to at least one population bottleneck (i.e. , a severe re duction in population size), by being occasionally passaged through a low number of infected snails, for instance; this would lead to further restrictions to the gene pool through genetic drift; 3) the cy cling of schistosomes through laboratory hosts might have subjected the parasite to selection against particular alleles. miracidia from human strains passaged in mice such that the mouse-adapted strains came to re semble strains cycling through rats in the wild. ' The possibility that laboratory strains of S. mansoni may lack much of the genetic variability found in natural populations and may be other wise atypical because of founder effects, random genetic drift, and inbreeding should be an issue of major concern to workers involved in medical and epidemiological research. Such research areas include drug trials, immunology, and geographic comparisons of pathogenicity to laboratory mam mals and of infectivity to snails. In particular, the common practice of considering one strain as rep resentative of an entire geographic area is erro neous. The significance of differences between geographic strains cannot be evaluated without taking into account differences between isolates from the same locality. Thus, geographic com parisons of any trait should be based on a number of isolates from each region compared. This also applies to comparisons of electrophoretic patterns between different species (discussed by Fletcher et al.3@). Careful records should be kept of the locality of origin of any given strain and the manner in which it was isolated (i.e. , the number of natu rally-infected snails or of human patients used as source), as well as of the mode of laboratory main tenance. When it is important that experimental strains be as representative as possible of natural populations, care should be taken in the original isolation of the strain and in subsequent labora tory maintenance to retain as much genetic vari ability as possible (e.g. , by using large numbers of naturally-infected snails or several human pa tients as source and by using at least 50â€"100shed The lack of large genetic differences between African and American strains of S. mansoni, as evidenced by electrophoretic data, lends support to the theory that S. mansoni was introduced rel atively recently into the New World, via the ex tensive slave trade of the 15th to 19th centu ries.42 Seven variants were apparently restricted to African populations, while three variants were restricted to American populations. The reduced number of variants in American populations, if real, may reflect founder effects. However, the present study is limited as an assessment of geo graphic differentiation in S. mansoni, because adequate samples of natural populations could not be obtained. Looking at more isolates will doubt less uncover more genetic variation, because P is strongly dependent upon sample size.43 Thus some of the alleles that seem at present to be restricted to definite geographic areas may in reality be more widespread.
Further studies of genetic differentiation in Schistosoma species through enzyme electropho resis should be based on a number of field isolates from each geographic area. To be able to estimate allele frequencies in natural populations, it would be preferable to analyze directly cercariae derived from individual snails, each infected with one miracidium obtained from human stools, rather than adult schistosomes.
This study paves the way for more in-depth work on S. mansoni genetics. The polymorphic loci uncovered could be used as genetic markers, once the mode of inheritance of each polymor phism is determined through genetic crosses, and linkage relationships established. A correlation between degree of infectivity to snails and the fre quency of certain LDH variants, suggestive of chromosomal linkage, has already been shown on the basis of electrophoretic data.22
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